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Abstract
We present a confocal microscopy study of 1.55 ¹m monodisperse silica hard spheres as they
sediment and crystallize at the bottom wall of a container. If the particles sediment onto a feature-
less °at wall, the two bottom layers crystallize simultaneously and layerwise growth follows. If the
wall is replaced by a hexagonal template, only layerwise growth occurs. Our results complement
earlier numerical simulations and experiments on other colloidal systems.
PACS numbers: Valid PACS appear here
1I. INTRODUCTION
Phase transformations in colloidal hard spheres have been fascinating physicists for more
than half a century.[1, 2] That purely entropic e®ects can produce a ¯rst-order crystalliza-
tion transition is particularly fascinating.[3] The bulk phase diagram of monodisperse hard
spheres has been veri¯ed experimentally and is now widely accepted.[4] The vast increase in
studies on the particle level has been driven by the rapid development of two technologies:
confocal microscopy and fast processing of large amounts of data. Thus, state-of-the-art sim-
ulations of typically 105 particles can be directly compared to real colloidal suspensions.[5, 6]
Their value to the ¯eld of statistical mechanics derives from the variety of interaction mech-
anisms (Coulomb, van der Waals, depletion and steric interactions) that make it possible
to tune independently the range and strength of particle interactions.[7{9] A particularly
exciting development is the use of monodisperse hard sphere colloids to simulate structural
dynamics in dense atomic or molecular systems,[10] phenomena that are experimentally
inaccessible on the atomic scale. Examples include homogeneous and heterogeneous nucle-
ation of crystals,[11, 12] crystal-°uid interfaces,[13] glass formation,[14, 15] matter under
shear [16, 17] or thermal capillary waves.[18] Hard sphere crystals are excellent models for
simple metals.[19, 20] They are also of interest as photonic bandgap materials.[21, 22]
Colloidal crystals can be grown in several ways.[23{27] A simple, widely used method is
the sedimentation of particles from a dilute suspension.[28{31] A hard sphere suspension in
equilibrium in a gravitational ¯eld usually consists of four regions from top to bottom: a
clear °uid, a uniform dispersion, the so-called fan in which the density increases smoothly
with depth, and a compact sediment.[28] Unless the sedimentation occurs too fast and the
particles jam into a glassy state, the sediment of a monodisperse hard sphere suspension
is crystalline. The precrystallization of °uids at patterned surfaces [34, 35] allows the fab-
rication of large single crystals with various orientations by directing the growth with a
template.[36] Such templates are structural patterns at the bottom of the container that act
as crystallization seed. Template-directed sedimentation is a very popular method for the
production of large colloidal crystals for scienti¯c purposes. In the future it may well allow
the cheap, large scale fabrication of photonic crystals.
Several aspects of crystallization by sedimentation are still poorly understood. Questions
remain not only about dynamics, but also about the equilibrium states. These questions have
2been addressed by a number of experiments and computer simulations: x-ray attenuation
experiments,[28] particle-scale studies by confocal microscopy,[31, 32] DFT calculations,[33]
simulations of a ¯xed number of hard sphere particles in an increasing gravitational ¯eld,[29]
and, most recently, a grand canonical Monte Carlo study that incorporated experimentally
more accessible conditions (constant gravitation). Particularily interesting are the early
stages of sedimentation and the crystallization of the very ¯rst layers. Previous results
suggest that at a °at bottom wall two or more layers (depending on the gravitational length,
which is introduced below) crystallize simultaneously, while further crystal growth proceeds
layer by layer. This is not a kinetic e®ect, but one associated with the hard sphere system
in equilibrium.[37] It is not only important from an academic point of view, concerning the
ever fascinating subject of phase transitions. It is also interesting in view of future e®orts
to optimize quality and production e±ciency of self-organizing photonic crystals.
In this paper we investigate experimentally the early sedimentation stages of colloidal
silica hard spheres onto a °at bottom wall. We select parameters for which we expect from
earlier simulation work the simultaneous crystallization of two layers. Furthermore, we are
interested in which way a template a®ects this phenomenon. The colloids are imaged with
laser confocal scanning microscopy and the data evaluated on the particle level.
II. EXPERIMENTAL DETAILS
We approximate an ideal hard sphere system using a suspension of spherical silica particles
in a °uorescein-dyed solution of dimethyl sulfoxide (DMSO) and water. The silica particles
(Micromod Sicastar) have a diameter of ¾=1.55 ¹m and a polydispersity of less than 3.5%
[19]. The aqueous stock suspension (volume fraction 0.025) is homogenized with a vortexer,
sonicated for at least 5 minutes, and allowed partially to settle. At in¯nite dilution we expect
for the particles a sedimentation velocity of u0 = 1
18¾2 ¢½ g=´ ¼ 4:7 mm/hour, where
¢½=1 g/cm3 is the density di®erence between the particles and the liquid, g=9.81 m/s2
the gravitational constant and ´=10¡3 Pa s the viscosity of water. In agreement with this
estimate we observe distinct layering of the sample after 6 hours. At this time, there is a
roughly 3-cm-thick region of clear water at the top followed by a sharp transition to a milky
suspension below and a small, compact sediment beginning to form at the bottom of the
vial. Since dumbbells and larger particle clusters sediment at least twice as fast as single
3particles, we avoid these large impurities by drawing only from the top 3 cm of the milky
suspension. We extract a small amount with a pipette and prepare a suspension with a
particle volume fraction of 1:3 ¤ 10¡4 [44] in 62.8% (by volume) DMSO and 37.2% water.
This solution is designed to match the particles' index of refraction in order to minimize van
der Waals forces and permit imaging deep into the sample with minimal scattering. Under
these conditions, the particles have the inverse gravitational length g¤ = m¤g¾=kBT ¼ 7
where m¤ = (1
3¼¾2)¢½ is the relative particle mass. Additionally, we add a small amount of
°uorescein-NaOH for °uorescence microscopy.
Our sample cell consists of a glass tube with an inner diameter of 5 mm a±xed with
UV-hardened glass glue to a microscope coverslip. Once the glue is fully hardened, we
rinse the cell with water followed by a water/DMSO solution, then ¯ll it with the dyed,
index-matched suspension and seal it with Para¯lm. We mount the sample on a Leica
TCS SP5 point scanning confocal microscope, taking care to check the alignment of the
sample stage with respect to the direction of gravity using a bulls-eye water level. We image
the sample from below using a 100X oil-immersion objective by °uorescence microscopy.
The microscope laser outputs 488 nm light to excite the °uorescein dye, then collects and
selectively detects °uorescence from the focal point. Rastering mirrors allow point scanning
in the x-y plane (orthogonal to gravity), while changing the focus enables us to image at
di®erent depths in the sample. Data from a single time step consists of a stack of x-y images
taken over a desired range in the z-direction. In this way, we obtain 3D 512£512£80 voxel
data, corresponding to a sample volume of 93£93£16 ¹m. Scanning one stack of 80 images
takes 13.5 s. The silica particles appear dark in the dyed liquid.
The raw data is processed using an IDL software package based on algorithms by Crocker
and Grier [38, 39]. Noise and spatial intensity variations are removed by a bandpass ¯lter.
Stationary particles are located with an accuracy of 0.1¾ or better. Isolated, fast-moving
particles are smeared out due to the limited speed of scanning in the z-direction. This
presents no problem for the current work, however, since exact coordinates are only needed
for the relatively immobile, crystallizing particles.
This work focuses on crystallization at a °at surface, but for comparison we also report
the experiment of crystal formation on a patterned substrate. Our template is a hexagonal
pattern of holes that mimicks the bottom layer of a [111]-oriented single crystal. The pattern
and pitch (1.65 ¹m) of the holes is chosen to match that of the naturally-forming crystal on a
4°at surface. We produce the pattern by using reactive ion etching and standard lithography
techniques from a ¾/2-thick PMMA ¯lm spun onto a microscope coverslip and then construct
the sample cell as described above.
III. RESULTS AND DISCUSSION
We image the suspension near to the bottom wall of the sample cell every six minutes.
Over the course of 13 hours we observe the formation of a sediment with an area density
of ca. 6/¾2 in the ¯nal measurement. Complete sedimentation of all particles would take
about twice that time. Thus, a small but constant °ux of particles is maintained during the
entire course of the experiment.
From the particle positions we calculate the density pro¯le
½(z) =
1
A ¢z
Z Z Z z+¢z
z
dxdy dz ½(x;y;z) (1)
by counting particles in ¢z=0.1¹m thick slabs. A is the lateral x-y area of the sampled
region. Density pro¯les at di®erent sedimentation stages are shown in Fig. 1. The individual
curves are labeled with the area density - the total number of particles in the observed volume
at that stage divided by the area A. This quantity is close to the area density of the sediment,
since the homogeneous suspension is extremely dilute. From the very beginning we observe a
pronounced layering. As the layers crystallize, the corresponding peaks become narrower and
higher, while the minima between them eventually drop to zero. Their actual depth relative
to the corresponding bulk density has been suggested as a simple and robust crystallization
criterion.[35] The arbitrariness of the threshold (for example 5%), however, is somewhat
unsatisfactory. In fact, it has been shown that even for simultaneously crystallizing layers
the respective local densities drop below 5% of the bulk density at signi¯cantly di®erent
stages of the sedimentation.[31]
More reliable and precise crystallization criteria assign to every single particle or interpar-
ticle bond an individual order parameter based on the arrangement of its neighbors.[40, 41]
Following the authors of a recent simulation work [37], we introduce the order parameter
Ã
(6)
j =
1
Nj
Nj X
k=1
e
i6µjk (2)
with the sum over all k = f1:::Njg neighbors of particle j. µjk is the angle between rjk =
rj ¡ rk and an arbitrary reference direction in the x-y plane. Neighbors of j are particles
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FIG. 1: Density pro¯les at various stages of sedimentation. The plots are shifted vertically and
labeled with the respective area density (see text).
with jrjkj < 1:3a0, based on the experimentally observed nearest neighbor distance a0. For
the identi¯cation of neighbors the z-coordinates are multiplied by a factor of 4 in order to
ensure neighbor selection in the same layer. For each particle Ã
(6)
j is a complex number with
0·
¯ ¯ ¯Ã
(6)
j
¯ ¯ ¯·1. For particles embedded in a crystalline layer the argument of Ã
(6)
j depends on the
local crystal orientation.
Fig. 2 shows snapshots of the ¯rst three layers at four di®erent crystallization stages. The
images are x-y projections of all particles within 0.65¾ intervals around the layer positions
(the peaks in Fig. 1).[45]
¯
¯
¯Ã
(6)
j
¯
¯
¯ for each particle is indicated by the greyscale, with darker
shades indicating more crystalline environments. It is apparent that crystallization proceeds
by nucleation and growth. For the ¯rst two layers, this seems to happen roughly at the same
time, while the third layer crystallizes later.
For a more quantitative study of the layerwise crystallization we introduce a z-dependent
order parameter
Ã
(6) (z) =
D¯
¯
¯Ã
(6)
j
¯
¯
¯
E
¢z
(3)
6FIG. 2: Selected snapshots of the ¯rst three sedimented layers for four di®erent area densities
(labels on top). Darker particles have higher order parameters.
which averages the absolute value of Ã
(6)
j of all particles within z § ¢z
2 . Several other
publications employ the modulus of the complex mean value jhÃ
(6)
j ij. For a single crystal,
that method has the merit of changing from zero (disorder) to unity (perfect crystal) and
is therefore useful for systems in which grain boundaries are suppressed, for example by a
template or by periodic boundary conditions.[37] For a polycrystal, however, the orientation-
sensitive arguments of the individual Ã
(6)
j can produce a very small value for jhÃ
(6)
j ij, even if
the grains are fully ordered. Since the ¯nal state in our experiment is a polycrystal, we use
the de¯nition given in Eq. 3. When comparing our results to those of others it is crucial to
be aware of that di®erence.
From the particle density pro¯les (Fig. 1) we determine the location of the layers in z.
7FIG. 3: Mean order parameter as a function of the projected particle density (see text) for the
¯rst ¯ve layers sedimenting (a) onto a °at surface and (b) onto a [111] template.
For each layer the mean order parameter hÃ(6)(z)iLayer is calculated by averaging Ã(6)(z) over
the z-interval de¯ned by the two minima on either side of the respective peak in the density
pro¯le.
In Fig. 3a this quantity is shown for the ¯rst ¯ve layers as a function of the total area
density. Each curve consists of three stages that can be understood by comparison with
Fig. 2: The ¯rst (not shown) is an increase in order parameter from zero to a plateau at
0.55 (0.6 for the ¯rst layer). This represents the overall increase in density, since Ã
(6)
j for
particles without any close neighbors is zero. The second stage is the crystallization, during
which the order parameter steeply rises to 0.85-0.9 followed by a third stage, in which the
8increase is much slower and represents the annihilation of point defects and grain coarsening.
The two discontinuities in the slope of each curve allow exact identi¯cation of the onset and
completion of crystallization. Therefore, we can con¯rm what was already qualitatively
observed in the snapshots in Fig. 2: The ¯rst two layers crystallize simultaneously, and
the higher layers individually at regular intervals. One should not be bothered by jhÃ
(6)
j ij
always being a little smaller in the second layer than in the ¯rst. Naturally, the defect
concentration has to be higher in the second layer, since artifacts in the ¯rst layer (such as
grain boundaries) propagate into the second layer or impede its formation. The essential
observation is that discontinuities occur simultaneously. Crystallization of the third layer
sets in around 4¾¡2, exactly when it is ¯nished in the ¯rst two. Therefore, the third layer
clearly crystallizes later.
These ¯ndings are in general agreement with recent hard sphere simulations and experi-
ments with charged colloids.[31, 37] In Marechal and Dijkstra's report, however, a strongly
discontinuous jump in the order parameter when the ¯rst two layers crystallize, while the pa-
rameter increases more continuously for subsequent layers. Our results resemble more those
of Hoogenboom et al. with charge-stabilized colloids: we do not observe a signi¯cantly dif-
ferent slope for the third and higher curves. Most likely, this discrepancy has its origin in the
order parameter jhÃ
(6)
j ij used in the simulations, which does not clearly distinguish between
the liquid-like and the polycrystalline. A sharp jump is expected when several randomly
oriented nuclei form a single crystal plane. When layers grow on top of that single crystal,
the hexagonal clusters have a preferred orientation from the beginning. Their growth can
be resolved by jhÃ
(6)
j ij, which increases more gradually in that case.
Fig. 4(a) shows a snapshot of the ¯rst two layers when they are both half-crystallized
(compare to Fig. 3). Shown are only particles with Ã
(6)
j > 0:8 and with at least three neighbors
that have the same property. hÃ(6)(z)i=0.79 for the ¯rst layer (black) and 0.7 for the second
(white). It is apparent that shape, size and position of the crystalline grains are strongly
correlated between the layers. The grains are a little smaller in the second layer than in
the ¯rst, as re°ected by the minor di®erence in hÃ(6)(z)i, but their nucleation and growth
clearly occurs simultaneously in both layers. Fig. 4(b) illustrates the second and third layers
at a later stage with hÃ(6)(z)i = 0:7 in the third layer (white) and 0.87 in the second, which
is now the lower one (black). The upper (third) layer is now at exactly the same stage of
crystallization as the upper (second) layer in (a), and has the same hÃ(6)(z)i. Comparison
9FIG. 4: (a) Graphic reconstruction of the ¯rst two layers when hjÃ(6)(z)ji=0.7 in the second layer.
(b) the second and third layer at a later time when hjÃ(6)(z)ji=0.7 in the third layer. Only particles
with jÃ
(6)
j j > 0:8 are shown.
of the upper layers in (a) and (b) shows similar sizes and shapes of crystalline patches. The
respective bottom layers, however, di®er substantially: in (a) the ¯rst layer is patchy and
correlated to the second, while in (b) it covers more area and seems to be almost complete.
As before, we can con¯rm that the ¯rst two layers in (a) crystallize simultaneously while
(b) resembles epitaxial growth of a layer on a crystal surface.
Fig. 3b shows the results of a sedimentation experiment on a hexagonally patterned
template, with hole spacing equal to that of the inter particle spacing on the °at surface. The
data were evaluated exactly as for the °at surface. The di®erence with Fig. 3a is apparent;
while the second, third and higher layers crystallize at roughly the same sedimentation
stages as before, the ¯rst layer does so much earlier. There is clearly no longer simultaneous
crystallization of the ¯rst two layers.
IV. CONCLUSIONS
We have studied the sedimentation of spherical silica colloids with an approximately
hard sphere interaction potential and a very small gravitational length of g¤ = 7 onto a °at
10bottom wall and onto a patterned substrate or template.
At a °at wall the ¯rst two layers crystallize simultaneously when the particle density in
the sediment increases, while the next layers crystallize individually. Our results generally
support recent simulations on the hard sphere system.[37] Di®erences in detail are most
likely the result of a di®erent choice of order parameter in the simulation work. Our aim
was to approximate the ideal hard sphere system. Similar experiments in the past used
charge stabilized colloidal particles.[31]
For sedimentation onto a template, we observe layerwise crystallization from the be-
ginning. The simultaneous crystallization of the ¯rst two layers found in the experiment
without a template is therefore clearly induced by the °at wall. Once the second crystal
layer is complete, both systems - with or without template - behave similarly.
The phase behavior of hard spheres - particles interacting in the simplest manner imagin-
able - is of great interest. Understanding the crystallization of a sediment in a gravitational
¯eld as thoroughly as possible, however, is not just an exercise in statistical physics. It
is a crucial step towards the understanding of real colloidal systems, which almost always
are subject to gravity in one way or the other.[42, 43] Furthermore, the sedimentation and
crystallization of colloidal particles concerns one of the most exciting potential applications
of these systems: cheap and e±cient large scale fabrication of photonic crystals. Subtle
e®ects associated with the crystallization of a sediment may be exploited to induce defect
structures or gradients by self organization.
Finally, this work provides an excellent example how a ¯eld can bene¯t from the constant
interplay between experiments and computer simulations. The number of particles in our
sampled volume (up to 20,000) may be matched in some state-of-the-art simulations. The
volume we investigate, however, covers only a small part of a much larger real system and
is therefore not subject to periodic boundary conditions or to e®ects from discretization or
con¯nement. Simulations on the other hand represent truly ideal systems and can easily
explore a larger parameter space.
This work was supported by NSF (DMR-0602684) and the Harvard MRSEC (DMR-
0213805).
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